Regulated and unregulated emissions (individual hydrocarbons, ethanol, aldehydes and ketones, polynuclear aromatic hydrocarbons (PAH), nitro-PAH, and soluble organic fraction of particulate matter) were characterized in engines utilizing duplicate ISO 8178-C1 eight-mode tests and FTP smoke tests. Certification No. 2 diesel (400 ppm sulfur) and three ethanol/diesel blends, containing 7.7 percent, 10 percent, and 15 percent ethanol, respectively, were used. The three, Tier II, offroad engines were 6.8-L, 8
INTRODUCTION
Blending of ethanol into diesel fuel may become an important petroleum displacement strategy, if certain technical barriers can be overcome: most importantly, the issues of low flashpoint and tank vapor flammability [1] , as well as fuel stability during storage. [2] One source states that blending ethanol into gasoline currently reduces the need to import 128,000 barrels a day of oil into the USA. [3] Other issues, such as durability of engines operating on such fuels, are also important and must be considered. Investigations into lubricity and injector pump wear have been reported using bench test rigs, [4] but discussions of fuel injector and fuel system issues in actual on-engine applications have not been made. It is also important to understand the pollutant emission impacts of blending ethanol into diesel fuel. Prior emissions studies have focused mainly on regulated pollutant emissions while a limited number have included unregulated (mainly carbonyl compound) emissions; for further reading, a review was recently prepared by Corkwell, et. al. [5] This project involved tests of Tier II compliant, non-road diesel engines to establish the overall impact of dieselethanol blends on regulated engine exhaust emissions, along with a number of unregulated toxic compounds. Four different fuel formulations were used in the engine performance and exhaust emissions evaluations. Three different models of off-road diesel engines were used to assess any effects from differing injection system types, or other mechanical differences. The engines were tested for gaseous emissions and smoke according to EPA Part 89 requirements. In addition to total hydrocarbons, oxides of nitrogen, carbon monoxide, carbon dioxide and particulate matter, analyses were performed (on the 8-mode tests only) to quantify individual hydrocarbons, aldehydes, ketones, alcohols, polynuclear aromatic hydrocarbons (PAH), 1-nitropyrene, and soluble organic fraction (SOF) of particulate matter.
METHODS

TEST ENGINES
John Deere provided three heavy-duty, Tier II compliant, non-road diesel engines for this test program. These engines represent different fuel system and emissions control technologies and varied in displacement from 6.8 to 12.5 liters. The engine characteristics are summarized in Table 1 and include the three most common types of fuel injection systems.
TEST FUELS
The reference fuel for this program was No. 2D certification diesel, with a nominal sulfur content of 400 ppm. Three different blends of ethanol in this reference fuel were prepared, at 7.7, 10, and 15 percent by volume. Three additive suppliers provided material to enhance the stability and performance of the ethanol in diesel blends. The identity of the additive in a particular fuel blend is confidential, to prevent any use of the data for commercial advantage. For the sake of this program, they are simply designated as "A," "B," and "C." For each of the three ethanol concentrations, a separate blend was prepared utilizing one of each of the three additives. Thus, there resulted a matrix of nine candidate fuels, and one reference fuel. However, only one of each of the three additive blends for each ethanol concentration was run in each engine. Please see Table 2 for matrix of engines and fuels actually tested. The SwRI internal fuel codes are also shown. Each of the three additives was run in one of the engines at each ethanol concentration.
Instructions provided by each additive manufacturer were followed for addition of additive during fuel blending. Additive concentrations (treat rates) varied from 1 to 2.57 percent by volume. Results of analyses of key properties of the ethanol and of the blended fuels are presented in Appendix A. To preclude absorption of water from the atmosphere during storage, a flow of nitrogen in the tank headspace was maintained.
EMISSIONS TEST PROCEDURES
Exhaust emission characterization was performed as specified under CFR Title 40, Part 89. For non-road heavy-duty engines, the regulation outlines specific requirements for setting up the test engine and pre-test activities, as well as all aspects of conducting the testing and collection and analysis of gaseous samples. The 8-mode test cycle was utilized in this test program. Table 3 shows the Part 89 test modes and weighting factors.
Two consecutive runs of the 8-mode test and two FTP smoke tests (40 CFR Parts 86 and 89) were performed for each fuel composition. In a regular 8-mode test we stabilize the engine for 5 minutes and sample for 5 minutes. To accumulate a sufficient dilute exhaust sample for unregulated emissions analysis, each mode was run for a number of minutes equivalent to its weight factor in percent (stabilization time of 5 minutes was unchanged). For example, a mode with a 0.10 weight factor received a ten-minute sampling period. This approach extended the total sampling duration for the 8-mode test from 40 to 100 minutes. For the PAH and NPAH sampling, one set of collection media was used to collect a composite sample for each 8-mode test. Individual hydrocarbons were measured from proportional bag samples of dilute exhaust for each mode using gas chromatography. Compounds ranging from C1 to C12, are identified and quantified in a process that requires four separate chromatographs. The process is based on the Auto/Oil Phase II Hydrocarbon Speciation procedure. [6] Full hydrocarbon speciation includes analysis of aldehydes, ketones, and alcohols if oxygenates are present in the fuel. Currently, EPA has identified four compounds that it has classified as "toxic." [7] Those compounds are benzene, 1,3-butadiene, formaldehyde, and acetaldehyde.
Aldehydes and ketones (collectively known as carbonyl compounds) were sampled from the dilute exhaust for each mode utilizing impingers containing a solution of dinitrophenylhydrazine (DNPH) in acetonitrile. The highly reactive carbonyl compounds form stable derivatives with DNPH, which absorb ultra-violet light energy at specific wavelengths. These samples were analyzed using a high-pressure liquid chromatograph (HPLC) instrument using a ternary eluent gradient program (acetonitrilewater-methanol) with an ultraviolet detector.
Ethanol samples were collected for each mode utilizing impingers containing pure water.
An aliquot was subsequently analyzed using gas chromatography with flame ionization detection (GC-FID).
The PAH and 1-nitropyrene are distributed in both the particulate and the gaseous phase of the dilute exhaust, and are difficult to measure at low concentrations. Additionally, there was concern that the sampling system has a "memory" for some PAH; therefore, additional effort to condition the sampling system with exhaust from the fuel under test was desirable. To accommodate these concerns, only after routing exhaust from several practice runs and preparatory operations through the constant volume sampler (CVS), was dilute engine exhaust sampling performed for record, using one composite sample for the entire 8-mode test. The composite sample approach increased the level of complexity of the sampling system but gave an almost eightfold analytical sensitivity and analysis cost benefit. During each fiveminute engine stabilization period at the beginning of each mode prior to emission sampling, the dilute exhaust sample flow going to the PAH samples was diverted, in order to protect the integrity of the 8-mode sample.
The dilute exhaust sampling process for PAH is described as follows. For the particulate-phase sampling, a single 20x20-inch Pallflex filter was used to collect particulatephase PAH for the whole duration of each 8-mode test. Another filter was then used for the "blank" sampling, during which only the dilution tunnel was turned on (no engine operation). It was operated for the same duration as the entire 8-mode test.
Similarly, for the gas-phase PAH collection, a set of four PUF/XAD-2 traps was run in parallel over the full, 8-mode sequence to accumulate gas-phase PAH compounds. Four parallel traps were required to give sufficient gas flow (sample size) for meaningful detection limits. The PUF/XAD-2 trap set was extracted to generate a separate sample for the gas-phase PAH analysis.
Only the samples from one of each duplicate, 8-mode test (particulate-and gas-phase) were processed for final analysis of the PAH emissions. The samples from the second 8-mode test were extracted and stored as a backup. Subsequent to each 8-mode test, a "blank" sample, using a period of time similar to that used to accumulate dilute exhaust samples, was taken.
Following sample cleanup and derivativization, the extracts were analyzed by gas chromatography / mass spectrometry (GC/MS).
The GC/MS system used included an Agilent 6890N GC equipped with a G2613A Automatic Sampler and interfaced to an Agilent 5973N MS detector. Injections (1 µL) were made in the splitless mode onto a 60 m 5% phenylmethylsilicone fused-silica capillary column (DB-5ms, J&W Scientific). Analysis of the PAH compounds was performed by GC/MS in positive ion/electron impact/selective ion monitoring (PI/EI/SIM) mode. The molecular ion or characteristic ion of each compound of interest and deuterated PAH, added as internal standards prior to extraction, were monitored. The NPAH and deuterated NPAH (internal standards) were quantified using the same GC/MS described above. However, the GC/MS was operated in negative ion/chemical ionization/SIM (NI/CI/SIM) mode. This technique is proven to be much more sensitive for the N-PAH's than using PI/EI/SIM technique.
RESULTS
8.1-Liter Engine Results
A summary of averaged, composite values for the duplicate, 8-mode tests of the 8.1-L engine operating on each fuel are presented in Table 4 Emissions of hydrocarbons generally increased with the ethanol blends.
The highest result, however, was observed with the 7.7 percent blend and dropped off with increasing ethanol content, to being slightly less than the baseline result for the 15 percent blend. Carbon monoxide and particulate emissions showed a definite reduction in line with increasing ethanol content. Emissions of NO x increased slightly as ethanol content increased. 
Figure 2. Smoke Test Results for 8.1-L Engine
Smoke test results are presented in Figure 2 . Results indicated a reduction in opacity trending with increasing ethanol content under acceleration, lugging, and peak modes. This figure also captures the lower power levels measured with the different ethanol concentrations.
Soluble organic fraction of particulate matter is summarized in Table 5 . SOF tended to increase with ethanol content as compared to baseline diesel fuel. SOF levels were, as expected, highest for the low load modes 4 and 8. Mode 7 exhibited the largest difference in SOF between baseline diesel fuel and an ethanol blend (in this case the 15% blend).
Individual hydrocarbon emissions results are summarized in Table 6 . Increase emissions of formaldehyde, acetaldehyde, and ethanol were observed with increasing ethanol content. Emissions of 1,3-butadiene and benzene were reduced slightly with the ethanol blends.
PAH and NPAH results presented in Table 7 . Please note that PAH and NPAH compounds are expressed in nanograms (10 -9 g). In the vapor phase, acenaphthylene and fluorene are lower for the alcohol blends, but fluoranthene and pyrene are higher. An increasing trend with alcohol content is observable for benzo(a)anthracene and chrysene in this view. For the lighter molecular weight compounds in the particulate-phase, all compounds are lower in the ethanol blends than in the baseline diesel.
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6.8-LITER ENGINE RESULTS
A summary of averaged, composite values for the duplicate, 8-mode tests of the 6.8-L engine operating on each fuel are presented in Table 8 and in Figure 3 . For the 6.8-L engine, there was no observable trend for hydrocarbon emissions. Carbon monoxide emissions increased with increasing ethanol content, and particulate emissions showed the opposite trend. Emissions of oxides of nitrogen were reduced with the ethanol-blended fuels, but were relatively constant regardless of ethanol content.
Smoke test results are presented in Figure 4 and soluble organic fraction of particulate matter is summarized in Table 9 . For the 6.8-L engine, smoke opacity was reduced in proportion to ethanol content for all operational modes. SOF was highest for modes 4 and 8 and in general was higher with increasing ethanol content. Results for modes 1 and 8 did not follow this trend, however, where SOF was reduced with the ethanol blended fuels.
Significant increases were observed in emissions of acetaldehyde (and of ethanol) with increasing ethanol content. Emissions of 1,3-butadiene were reduced with ethanol blends, but benzene emissions were not significantly affected. Individual hydrocarbon emissions results are summarized in Table 10 .
PAH results presented in Table 11 . For the lighter molecular weight compounds for the vapor phase only, phenanthrene is lower for the alcohol blends, but fluoranthene and pyrene are higher. For the lighter molecular weight compounds in the particulate phase only most compounds are lower in the ethanol blends. In the heavier molecular weight compounds for the particulate phase, all compounds except 1-nitropyrene are higher in the ethanol blends. Lower emission rates are seen for 1-nitropyrene with the ethanol blends. 
12.5-LITER ENGINE RESULTS
Power output of the 12.5-l engine was consistent with the manufacturer's ratings when operating on straight diesel fuel, but problems were experienced when first operating with ethanol-blended fuel. After a period of operation on ethanol-blended fuel, the power output would drop-off and become erratic. It was determined that the performance problems were caused by the ethanol-blended fuel boiling while in the fuel system. The fuel is routed through the head on this engine design, as is common practice with unit injection. In addition, a portion of the unused fuel is re-circulated through the head, rather than being returned to the fuel tank. It is likely that the fuel became too hot and began to boil while passing through the head. To remedy the situation, a small cooler was installed to reduce the fuel temperature prior to reaching the injectors. After this modification was installed, the engine performed well, and testing proceeded.
A summary of averaged, composite values for the duplicate, 8-mode tests of the 12.5-L engine operating on each fuel are presented in Table 12 and Figure 5 . Emissions of NO x , particulate, and CO were reduced with the ethanol blended fuels. HC emissions increased with ethanol content.
Smoke test results are presented in Figure 6 . Smoke opacity was reduced with increasing ethanol content in all cases. Results are shown for the 7.7 percent blend without the fuel temperature control discussed above.
Results are shown for the 10 percent blend with and without temperature control, and with temperature control for the 15 percent blend.
Soluble organic fraction of particulate matter is summarized in Table 13 . SOF showed consistent increases with ethanol content in modes 2 and 4. SOF was highest in mode 8. In mode 8, there was little difference in SOF for the four fuels.
Individual hydrocarbon emissions results are summarized in Table 14 . As expected, emissions of acetaldehyde and ethanol increased with increasing ethanol content. Other aldehydes tended to increase as well. Benzene and 1,3-butadiene increased with increasing ethanol content, but were all lower than base fuel.
PAH and NPAH results are presented in Table 15 . For the lighter molecular weight compounds in the vapor phase, an increasing trend for pyrene is observed, and naphthalene, acenaphthene, fluoranthene are higher in the ethanol blends. Acenaphthylene and acenaphthene are lower in the ethanol blends.
For the heavier molecular weight compounds for the vapor phase, benzo(a)anthracene and chrysene show a definite increasing trend with ethanol concentration. Benzo(a)pyrene was higher in the ethanol blends. However, 1-nitropyrene was lower in the ethanol blends. In the particulate-phase decreasing trends for acenaphthylene, fluorene, phenanthrene, anthracene, fluoranthene, and pyrene are seen with increasing ethanol content. The heavier compounds are higher for the ethanol blends in the particulate phase, but 1-nitropyrene is lower. 
SUMMARY AND CONCLUSIONS
This project has generated information on the exhaust emissions effects of various blends of ethanol in diesel fuel. Three concentrations of ethanol in diesel were evaluated on three engines of differing technology and displacement. Three suppliers provided additives for improvement of the characteristics and stability of ethanol blended in diesel fuel. Batches of fuel were prepared at each ethanol concentration with all three additives, resulting in a 10-fuel matrix (including reference diesel fuel). The nine alcohol-blended fuels were distributed among the three test engines in a way that each engine experienced operation with each additive and each ethanol concentration. EM-4895-F is the internal designation of the on-highway diesel (nominal 400 ppm sulfur) used in preparing the ethanol blends. The remaining EM-codes are the internal identification codes used in our fuel handling, storage, and inventory system.
Another batch of low-sulfur certification diesel, with essentially the same properties was used in the baseline emissions measurements of the engines, designated EM-4970-F. 
TEST FUEL CHARACTERISTICS
